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Hyaluronan (HA) is an extracellular matrix glycosaminogly-
can that is present in pancreatic islets, but little is
known about its involvement in the development of
human type 1 diabetes (T1D). We have evaluated whether
pancreatic islets and lymphoid tissues of T1D and non-
diabetic organ donors differ in the amount and distribu-
tion of HA and HA-binding proteins (hyaladherins), such
as inter-a-inhibitor (lal), versican, and tumor necrosis
factor-stimulated gene-6 (TSG-6). HA was dramatically
increased both within the islet and outside the islet endo-
crine cells, juxtaposed to islet microvessels in T1D. In
addition, HA was prominent surrounding immune cells
in areas of insulitis. lal and versican were present in
HA-rich areas of islets, and both molecules accumulated
in diabetic islets and regions exhibiting insulitis. TSG-6
was observed within the islet endocrine cells and in in-
flammatory infiltrates. These patterns were only ob-
served in tissues from younger donors with disease
duration of <10 years. Furthermore, HA and lal amassed
in follicular germinal centers and in T-cell areas in lymph
nodes and spleens in T1D patients compared with control
subjects. Our observations highlight potential roles for
HA and hyaladherins in the pathogenesis of diabetes.

Type 1 diabetes (T1D) is characterized by progressive,
immune cell-mediated destruction of pancreatic [3-cells that

has been partly attributed to a permissive inflammatory
milieu (1,2). Although the nature of that inflammatory mi-
lieu remains poorly defined, the substrate within which
B-cells and migratory inflammatory cells interact is the ex-
tracellular matrix (ECM).

The islet ECM is known to make decisive contributions
to insulin production, B-cell homeostasis, and prolifera-
tion (3-9). However, the nature of the ECM in human
T1D and insulitis is poorly understood. In the NOD
mouse model of autoimmune diabetes, autoimmune insu-
litis is associated with remodeling or destruction of base-
ment membranes and the ECM surrounding and/or
within islets (7,9-12). This destruction has been proposed
as important to the progression to diabetes through the
loss of protection from oxidative damage (11) or loss of
ECM interactions that make critical contributions to
B-cell survival and expansion (3-9).

We have proposed that hyaluronan (HA), a long-chain
polysaccharide prominent in inflamed tissues, is a key-
stone molecule in the inflammatory milieu (6) and is at
the center of a complex network of ECM molecules that
together exert decisive effects on the physical and immu-
nologic properties of inflamed tissues. This network
includes HA-binding molecules called hyaladherins, such
as inter-a-inhibitor (Ial), versican, and tumor necrosis
factor-stimulated gene-6 (TSG-6) (13). These proteins
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are believed to interact with HA in such a way as to pro-
mote the formation of macromolecular complexes that
modulate leukocyte adhesion and activation, thus influ-
encing the inflammatory response (14-16). HA is highly
abundant in inflamed tissues, and its synthesis is respon-
sible for many of the physiologic changes associated with
inflammation, including edema, vascular permeability
changes, and leukocyte egress at sites of injury (14), as
well as the maturation of dendritic cells (17), antigen pre-
sentation (18,19), and the function and number of regu-
latory T cells (18,20,21).

The composition of the ECM in human T1D islet
tissue and in areas of insulitis matters because the
inflammatory milieu is believed to be a driving force in
T1D. In the current study, we demonstrate for the first
time that HA and hyaladherins increase in islets, pancre-
atic lymph nodes (PLNs), and spleens of younger donors
and accumulate in regions of lymphocytic infiltrates in
T1D and that both the amount and the distribution of
HA and hyaladherins vary with time since diabetes
onset. These observations coupled with our recent in
vitro studies demonstrating that HA controls T-cell
movement (22) and phenotype (20,21) implicate these
specific ECM components in the pathogenesis of T1D.
Such observations point to a previously unrecognized
characteristic of tissues involved in the pathogenesis of
T1D and highlight the potential for new targets in the
treatment of this disease.

RESEARCH DESIGN AND METHODS

Donors and Tissue Procurement

Pancreas, spleen, and lymph node tissue sections were
obtained through the JDRF-sponsored Network for
Pancreatic Organ Donors with Diabetes (nPOD) program.
Case numbers throughout this article were assigned by
nPOD, unless otherwise noted. Tissues were from 13 T1D
donors with a diabetes duration of 8 weeks-9 years
(younger donors), 4 donors with T1D for 28-66 years
(older donors), and 17 age-matched healthy donors. Sec-
tions from two pancreatic tissue samples (H1204 and
H911) collected at T1D onset were provided by Gun Frisk
(University of Uppsala, Uppsala, Sweden). Clinical charac-
teristics of donors are shown in Supplementary Table 1.
Sections from one or two pancreas pieces from the body
and tail regions, from one spleen piece, or from one to
four PLN tissue samples were analyzed for each donor.
Spleen sections were available from 11 younger T1D and
15 age-matched healthy donors. PLNs were available from
8 younger T1D and 10 age-matched healthy donors. To
evaluate whether changes in the amount of HA occur in
other tissues, we examined sections from thymus and du-
odenum, the only additional organs available at nPOD. Thy-
mus and duodenum sections were available from three
younger T1D and four age-matched healthy donors and
from seven younger T1D and seven age-matched healthy
donors, respectively. All tissues showed well-preserved mor-
phology without any evidence of autolysis. This study was
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carried out with the approval of the Institutional Review
Board of the Benaroya Research Institute.

Histochemistry and Immunohistochemistry

Sections were stained for HA using a biotinylated HA-
binding protein (b-HABP) prepared from cartilage and for
immunohistochemistry as described (23). In control
experiments, slides were predigested with HA-specific
Streptomyces hyaluronidase, which abolished staining
with b-HABP (Supplementary Fig. 1). Antibodies to
human CD3, CD20, CD31, and CD45 (all from Abcam,
Cambridge, MA) were used at concentrations of 10.0,
1.8, 3.5, 5.0 pg/mL, respectively. Antibodies to synapto-
physin (Dako, Carpinteria, CA) and insulin (ab6995;
Abcam) were used at dilutions 1:100 and 1:12,000, re-
spectively. Antibodies to glucagon, somatostatin, pancre-
atic polypeptide (Abcam), TSG-6, and Ial (24,25) were
used at a dilution of 1:1,000. The secondary antibodies
Alexa Fluor 488- or Alexa Fluor 555-conjugated IgG
(Molecular Probes, Grand Island, NY) and peroxidase-
labeled IgG were used at 3 pg/mL and 1:200 in PBS,
respectively. The nuclei were visualized with DAPI
(Sigma-Aldrich, St. Louis, MO). Positive and negative con-
trols were included in each staining experiment. Tissues
were examined using a Leica DM IRB microscope, and
images were acquired using a Spot Xplorer camera and
imaging software. All the images were taken under the
same experimental settings and light exposure.

Evaluation of Islet Cell Composition

To evaluate the relative proportion of the classical
hormone-producing cells in the endocrine pancreas,
consecutive pancreas sections were costained with a rabbit
polyclonal antisynaptophysin antibody and a mouse
monoclonal antibody against either insulin, glucagon,
somatostatin, or pancreatic polypeptide. The number of
synaptophysin-positive cells and the number of cells
costained for synaptophysin and one of the islet hor-
mones were counted and the relative proportion of
costained cells calculated. At least 3,000 cells were
counted per pancreas section.

Morphometric Analysis and Quantitation

Whole-section imaging was performed using a NanoZoomer
Digital Pathology slide scanner (Hamamatsu; Bridgewater,
NJ) at the University of Washington Histology and Imaging
Core in Seattle, WA. Slides were scanned in bright-field at a
20X objective and the digital images imported for analysis
using Visiopharm software (Hoersholm, Denmark), which pro-
vides automated quantification of stained areas and uniform
systematic random sampling on whole-section bright-field
images (26). The software labeled the marker (HA, Ial, versi-
can, and TSG-6)-positive area vs. tissue area using a project-
specific configuration based on a threshold of pixel values. The
relative and total tissue areas stained by the markers were
measured. All the images were processed together using this
configuration to generate the desired outputs (stained and
unstained tissue areas measured in square micrometers).
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Measurement of Insulin-Positive Areas

Sections were stained for insulin and counterstained with
hematoxylin. Using Visiopharm, regions of interest (ROIs)
were detected throughout the tissue. The software labeled
the insulin-positive (IP) staining and the exocrine pan-
creas tissue using a project-specific configuration based on
a threshold of pixel values. The analysis was run in two
steps: 1) Areas of IP staining were outlined as individual
islet profile ROIs, and 2) the analysis was run within these
ROIs to label the IP area within each islet. The images
were processed in batches and sampled at 100%.

Quantitation of HA and Hyaladherin-Positive Areas
Pancreatic Islets. Islets were identified by their staining
for the panendocrine marker synaptophysin. Thirty
percent of the normal islets were sampled according to
systematic uniform random sampling (27). The coefficient
of variation at 30% sampling of the normal islets was
<5%. All diabetic islets present in the tissue sections
were analyzed. To better characterize HA and hyaladherin
localization in relationship with the peri-islet capillaries,
the stained areas were defined as intraislet and peri-islet
and are schematically represented in Supplementary Fig.
2. Separating the islets from the exocrine tissue (28-30),
the peri-islet capillaries have an islet endocrine cell side
and an exocrine cell side. The intraislet area is defined as
the area occupied by the islet endocrine cells and bordered
by the endocrine side of the peri-islet capillaries. Because
the diameter of peri-islet capillaries in normal pancreatic
islets has been reported to be on average 4.29 pm (31),
the peri-islet area was defined as the area around the
islets at a 5-pum distance from the endocrine side of the
peri-islet capillaries. The outer border of this area was
delineated using the Visiopharm annotation tool. The
stained areas were measured using Visiopharm software.
Spleen and PLNs. The B-cell follicles and T-cell areas
(32,33) were identified by hematoxylin counterstaining of
spleen and PLN sections stained for HA or any of the
hyaladherins. To confirm the presence of the B-cell fol-
licles and T-cell areas, consecutive sections were stained
immunohistochemically for CD20 and CD3, which label
the B and T cells, respectively (Supplementary Fig. 3A-H).
The number of all B-cell follicles, with or without a germi-
nal center (GC), was counted visually, and the proportion
of those with a GC was calculated. The follicular GCs were
examined for the presence of HA, lal, TSG-6, and versican
staining, and the proportion of GCs that were stained for
any of these individual molecules was determined. The
areas of follicular GCs and T-cell regions were measured
using Visiopharm software (Supplementary Fig. 3I and J).
The HA-, Ial-, TSG-6-, and versican-positive areas within
the GCs and T-cell regions were measured, and their rel-
ative proportion calculated.

Exocrine Pancreas, Thymus, and Duodenum. The rela-
tive HA-positive areas in exocrine pancreas, thymus, and
duodenum tissues were measured with Visiopharm.
Tissue areas were sampled at 100%.
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Evaluation of Insulitis

To detect inflammatory cells, sections were stained for
the leukocyte common antigen CD45, a marker of both
lymphoid and myeloid cells present in human insulitis
after T1D onset (34). Islets were identified with the pan-
endocrine cell marker synaptophysin. No CD45-positive
cells were observed in contact with either single endocrine
cells or the smallest clusters of fewer than five endocrine
cells. These small clusters were not included in subse-
quent calculations. Islets comprising six or more endo-
crine cells were counted along with the number of
CD45-positive cells in contact with the endocrine cells.
Insulitis was evaluated by determining 1) the percentage
of islets with CD45-positive cells adjacent to endocrine
cells, and 2) the number per islet of CD45-positive cells
in contact with endocrine cells (Supplementary Fig. 4).
There were 0.1 * 0.1 and 1.8 = 3.9 CD45-positive cells
per islet in normal and diabetic tissues, respectively (P <
0.0001). A total of 2,030 normal and 930 diabetic islets
from 17 healthy and 19 T1D donors were analyzed.

Statistical Analysis

Data are expressed as mean * SD of n independent mea-
surements. Significance of the difference between two or
more groups of data were evaluated using the Mann-
Whitney U or Kruskal-Wallis tests, respectively. Correla-
tion analysis was performed using the nonparametric
Spearman rank correlation test. The significance of the
difference between two correlation coefficients was
assessed using the Fisher test. P < 0.05 was considered
statistically significant.

RESULTS

HA Accumulates in Human Diabetic Islets

HA was detected around the periphery of normal human
islets in a discontinuous pattern and sparsely distributed
within the islets (Fig. 1A and B). Colabeling HA with
synaptophysin or CD31 and vimentin revealed that HA
located extracellularly, juxtaposed to the islet microvessels
(Fig. 1C and D, Supplementary Figs. 5A and B and 6A-E).
In diabetic islets, HA occurred similarly outside the endo-
crine cells in close association with peri- and intraislet
capillaries (Fig. 1E-H, Supplementary Figs. 5C and D
and 6F-I). However, its abundance, which in normal islets
was low and did not change significantly with age, was
markedly increased in diabetic islets. Quantification of
794 normal and 775 diabetic islets indicated a 5.2-fold
increase in the HA-stained area in diabetic islets (Fig. 1I).

HA Accumulates Preferentially in Islets of Younger
Diabetic Donors With Shorter T1D Duration

When diabetic islets were examined according to disease
duration and compared with the age-matched controls,
a significantly higher mean islet HA-positive area was
found in tissues of younger donors with diabetes for <10
years but not in those of older donors with long-standing
diabetes (Fig. 2A and B). To determine whether HA accumu-
lation occurred differentially along the islet microvasculature,
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Figure 1—HA accumulation along the microvasculature of human islets in T1D. A-D: Images of normal human islets prepared from nPOD
case 6153. A: Histochemistry shows HA (brown) located around and within the islet. B: Higher magnification of the boxed area in A.
C: Colabeling of HA (green) with the panendocrine marker synaptophysin (red) shows HA outside the endocrine cells. D: Colabeling of HA
(green) with the endothelial cell marker CD31 (red) reveals HA juxtaposed to the islet microvessels. E-H: Images of human diabetic islets
prepared from nPOD case 6052. E: Histochemistry shows abundant HA (brown) located around and within the islet. F: Higher magnification
of the boxed area in E. G: Colabeling of HA (green) with synaptophysin (red) reveals abundant HA located outside the endocrine cells.
H: Colabeling of HA (green) with CD31 (red) shows HA accumulated along the islet microvessels. Arrowheads in A and E point to the islet
border. Scale bar: 50 um (A and E) and 10 wm (B-D and F-H). See also Supplementary Figs. 5 and 6. I: Morphometric quantitation of HA in
pancreatic islets. Blue bar and /\, normal tissues; red bar and O, diabetic tissues. Mean values (bar graph, mean = SD) and individual
measurements (scatter plot) of the HA staining area of 794 normal and 775 diabetic islets analyzed in tissues of 17 healthy and 19 T1D

donors. Each dot in the scatter plot represents the measurement obtained from a single islet. *P < 0.0001 vs. normal islets.

the HA staining pattern was quantitated as peri- and
intraislet staining (Fig. 2C-F). For peri-islet staining, HA
was consistently associated with the peripheral capillaries
of normal and diabetic islets. Plots of individual measure-
ments of peri-islet HA-positive areas (Fig. 2C) and their
mean values for each diabetic and control donor (Fig. 2D)
show heterogeneity in peri-islet HA positivity among the
diabetic islets and between the diabetic donors. When
compared with the age-matched controls, only the youn-
ger diabetic islets contained a significantly larger (6.6-
fold) peri-islet HA-stained area. These data indicate that
HA accumulated around the edge capillaries of diabetic
islets, the site where inflammatory cell infiltrates in insu-
litis are mostly observed. For intraislet staining, HA was
present within a significantly larger proportion of younger
diabetic islets than in control islets (99 = 2% vs. 65 *
2%, P < 0.0001). As with the peri-islet HA, intraislet
HA accumulated unequally among the islets. When individ-
ual measurements of intraislet HA-positive areas in

diabetic islets were compared with those obtained from
control islets, their median value was found to be signifi-
cantly higher (309 vs. 25 um?, P < 0.0001) (Fig. 2E). The
intraislet HA-stained area was consistently larger in the
diabetic tissues of younger donors compared with control
donors (Fig. 2F). To assess whether intraislet HA abun-
dance was determined by islet size, we examined the re-
lationship between the intraislet HA positivity and islet
area. Histograms of intraislet HA-positive areas and islet
areas indicated that more HA was present in larger islets
(Fig. 2G). However, when the intraislet HA areas were
plotted against the islet areas, the correlation coefficient
was lower for the diabetic tissues than the control tissues
(P < 0.0001) (Fig. 2H). In addition, the younger diabetic
islets showed a 5.9-fold larger intraislet HA-positive area,
but only a 1.4-fold higher mean profile area than the con-
trol islets (6,677 vs. 4,916 p,mz, respectively). This greater
increase in HA positivity compared with the islet area led
to a larger relative intraislet HA staining area (Fig. 2I).
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Figure 2—Quantitative analysis of the HA-positive area in human pancreatic islets. Blue bars and /\, normal tissues; red bars and O,
diabetic tissues. Analysis included 794 normal and 775 diabetic islets in tissues of 17 healthy donors and 19 T1D donors with diabetes for
=9 years (n = 15) and =28 years (n = 4). A and B: Morphometric quantification of the islet HA-positive area showing individual measure-
ments obtained from each islet (A) and mean values for each individual donor (B). C and D: Morphometric quantification of the peri-islet HA-
positive area showing individual measurements obtained from each islet (C) and mean values for each individual donor (D). E and
F: Morphometric quantification of the intraislet HA-positive area showing individual measurements obtained from each islet (E) and
mean values for each individual donor (F). G: Mean intraislet HA-positive area (top) measured in the islets falling within each islet area
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These data indicate that although the amount of intraislet
HA is influenced by the islet mass, the islet size alone is not
sufficient to explain the extent to which HA accumulates in
younger diabetic islets.

A comparison with the younger age-group showed that
in older T1D donors with long-standing diabetes (28-66
years) the islet HA-positive area was significantly less
than that of younger diabetic donors and comparable to
that observed in both younger and age-matched control
donors (Fig. 2B, D, F, G, and I). The HA staining intensity
in the older diabetic tissues was also similar to that ob-
served in the age-matched control tissues. The presence of
HA at normal tissue levels in the islets of older T1D
donors may have resulted from subsequent clearance of
islet HA accumulated previously in the early stages of
diabetes development. Alternatively, HA turnover in these
islets may have not been altered during the course of the
disease.

HA Accumulation in IP and Insulin-Negative Islets of
Younger Diabetic Donors

We further examined how HA accumulation in diabetic
islets associated with the size of the B-cell population. The
relative proportion of IP cells and the relative IP cell areas,
although heterogeneous among the individual samples,
significantly decreased in the diabetic tissues compared
with control tissues (Fig. 3A-E, Supplementary Fig. 7A).
The presence of IP cells also varied among the diabetic
tissues. Islets with IP cells were identified in the pancre-
atic tissues of the three patients who died at disease onset
or 8 weeks after and of four T1D patients with disease
duration of 1-7 years (Fig. 3F and G, top panels). In these
IP tissues, 46 = 29% of the islets contained IP cells, which
accounted for 15 * 7% of all endocrine cells and 28 *
13% of the IP islet cells. Both IP and insulin-negative
(IN) islets showed larger HA-positive areas than the con-
trol islets (Fig. 3F, bottom panel, Supplementary Fig. 7B).
Compared with the IN tissues, a significantly larger area
of intraislet HA positivity was observed in the IP tissues
in which the islet IP area was decreased to 15% of that of
control tissues (455 * 129 vs. 3,032 * 1,067 umz, re-
spectively) (Fig. 3G, bottom panels). Within the IP tissues,
the largest intraislet HA-positive areas were observed in
diabetic tissues collected within 1 year of disease onset in
which the IP cell areas were decreased to 26% of the
control tissues (797 *= 83 vs. 3,032 * 1,067 }Lmz)
(Fig. 3G, green arrows). The data indicate that although
HA accumulation is a feature of tissues of younger di-
abetic donors, the largest HA depositions are observed
in the IP tissues, particularly those collected within
1 year of disease onset and which had undergone a partial
loss of B-cells. The presence of increased HA amounts in
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IN islets, although in amounts significantly lower than
those in the IP islets, suggests that HA accumulation pre-
cedes B-cell loss.

HA Amasses in Sites of Islet Inflammation

In addition to accumulating around and inside the islets,
HA also amassed within the clusters of leukocytes in
regions exhibiting insulitis (Fig. 4A and B). Dispersed or
aggregated CD45-positive cells infiltrated the islets or
gathered at their periphery adjacent to the endocrine cells
(Fig. 4C and D, Supplementary Fig. 4). These CD45-
positive cells were consistently observed surrounded by
and embedded in a meshwork of HA (Fig. 4C and D).
The proportion of islets with CD45-positive cells in the
younger diabetic tissues, although variable, was signifi-
cantly higher than in control tissues and associated with
HA accumulation (Fig. 4E and F). The extent of inflam-
matory cell infiltrates and the abundance of HA in islets
of older diabetic donors were comparable to the age-
matched control donors (Figs. 2 and 4E and F).

Hyaladherins Are Present in Human Islets

and Associate With Inflammatory Cells in Insulitis

To determine whether changes also occurred in the ECM
proteins that bind and interact with HA, we evaluated the
lal, versican, and TSG-6 patterns in diabetic and control
islets. Ial was detected around the periphery of normal
(Fig. 5A and B) and diabetic (Fig. 5C and D) human islets
and inside the islets in a pattern consistently similar to
that observed with HA (Fig. 5E-H). In normal islets, Ial
staining was sparse and of moderate intensity regardless
of donor age. In contrast, Ial was abundant in diabetic
islets, with a 4.8- and 5.1-fold higher Ial-positive area
around and within the islets, respectively, compared
with control islets (Fig. 5I). In diabetic tissues, lal stain-
ing was more intense than in control tissues. As with HA,
Ial accumulation was a characteristic of islets of younger
T1D donors in which the relative Ial-positive area in-
creased 8.1-fold versus the age-matched control donors
(P < 0.0001) (Fig. 5J-L). Ial also accumulated in the
insulitis areas where aggregates of inflammatory cells
were observed enclosed in an Ial meshwork (Fig. 5M).
In islets of long-standing diabetic donors, the Ial abun-
dance was low and comparable to that observed in the
age-matched control donors (Fig. 5J-L).

Versican was barely detectable in the normal islets, but
when present, it was associated with the islet microvessels
(Fig. 5N and O) within the HA- and Ial-rich areas. A
similar localization pattern of versican was observed in
the diabetic islets (Fig. 5P and Q). Although its overall
abundance was low, the relative versican-positive area
was sixfold higher in the younger diabetic islets (Fig. 5R),

category (bottom). H: Individual measurements of intraislet HA-positive areas plotted as a function of islet area. Spearman correlation
coefficients are shown. I: Percent intraislet HA-positive area in normal and diabetic pancreata. *P < 0.0001 vs. normal tissues.
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Figure 3—A-C: Immunohistochemistry for insulin (green), glucagon, somatostatin, and pancreatic polypeptide (red) of normal (A) and
diabetic (B and C) islets. Images were prepared from nPOD cases 6153 (A [healthy]), 6052 (B [T1D]), and 6064 (C [T1D]). Scale bar: 25 pm.
D-G: Quantitative analysis of the islet cell composition and HA-positive areas in human pancreas. D: Relative proportion of the classic
pancreatic hormone-producing cells. Blue bars, normal tissues; red bars, diabetic tissues. Data are mean = SD of measurements obtained
from tissues of 17 healthy and 19 T1D donors. *P < 0.0001 vs. normal tissues. There was no significant difference in the percentage of
pancreatic polypeptide-positive cells between the normal and long-standing diabetic tissues (P = 0.1464). E: Relative pancreas IP area. Red
@, diabetic tissues; blue ¢, age-matched normal tissues. Data represent mean values of measurements obtained for each of the 17
healthy and 19 T1D donors. F: Relative IP area (top) and islet HA-positive area (bottom). Blue bars, normal tissues; red bars, diabetic
tissues. Data are mean = SD of measurements obtained from tissues of 17 healthy and 19 T1D donors. The tissues of older diabetic
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Figure 4—HA accumulation in insulitis in human T1D. A-D: Images show two diabetic islets with insulitis: NPOD cases 6052 (A and B) and
6070 (C and D). Arrows point to insulitis areas (A and C). A: Histochemistry reveals HA (brown) in the islet and insulitis area. Arrowheads
point to the islet border. B: Higher magnification of the boxed area in A. C: Colabeling of HA (green) with the leukocyte common antigen
CD45 (red) confirms the presence of HA in the sites of inflammatory infiltrate. The islet is delineated with a dashed line. D: Higher
magnification of the boxed area in C. E: Scatter plot of the proportion of islets with CD45-positive inflammatory cells as a function of
diabetes duration. A total of 2,030 normal and 930 diabetic islets from 17 healthy and 19 T1D donors were analyzed. P < 0.0001 vs. normal
tissues. O, diabetic tissues; /\, age-matched normal tissues. F: Scatter plot of relative HA-stained islet areas as a function of the proportion
of CD45-positive islets in diabetic tissues. Arrows point to measurements obtained from tissues of older T1D donors (E and F). See also
Supplementary Fig. 4.

a difference comparable to that observed for HA and Ial. staining intensity was stronger than in the control tissues
Additionally, similar to HA and Ial, versican was present in  and tissues of older diabetic donors.

the insulitis area and located around the inflammatory cells In normal tissues, TSG-6 staining occurred in the
(Fig. 55). In the tissues of younger diabetic donors, versican  endocrine cell compartment and did not appear to

donors did not contain IP islets. *P < 0.0001 vs. normal tissues. There was no significant difference in the islet HA-positive area between
the tissues of older diabetic donors and age-matched normal tissues (P = 0.2). G: Mean islet IP area (top) and HA-positive area measured
within these islets (bottom). Blue 4, bars, and /\, normal tissues; red 4, , bars, O, and @, diabetic tissues. Data were obtained from
tissues of 17 healthy and 19 T1D donors and are mean values for each individual donor (left panels) and mean *+ SD of individual values in
each donor group (right panels). Arrows point to tissues collected within 1 year of disease onset. The tissues of older diabetic donors did not
contain IP islets. *P < 0.0001 vs. normal tissues, TP = 0.0003 vs. IP islet tissues. There was no significant difference in the intraislet HA-
positive area between the tissues of older diabetic donors and the age-matched normal tissues (P = 0.2). GLUC, glucagon; INI, insulin-
negative islets; INS, insulin; IPI, IP islets; PP, pancreatic polypeptide; SOM, somatostatin. See also Supplementary Fig. 7.
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histochemistry for lal and morphometric quantification of the lal-positive islet area. A-D: Immunohistochemistry reveals lal in normal (A and
B) and diabetic (C and D) islets. B and D: Images show higher magnification of the tissue areas within the white boxes in A and C. Blue
arrowheads point to the islet border. The magenta arrowhead points to an intraislet capillary. E-H: Colabeling of lal (red) with HA (green)
indicates that lal occurs in the HA-rich regions along the islet microvessels. Nuclei (blue) are visualized with DAPI. F-H: Images show higher
magnification of the boxed area in E. I: Mean =+ SD of peri- and intraislet lal-positive areas obtained from tissues of 17 healthy and 19 T1D
donors. J-L: Relative lal-positive islet area showing mean = SD (J) and individual values (K) of measurements obtained from tissues of 17
healthy and 19 T1D donors. L: Mean * SD of measurements obtained from tissues of 17 healthy donors and 19 T1D donors with diabetes
for =9 years (n = 15) and =28 years (n = 4). Blue bars and /\, normal tissues; red bars and O, diabetic tissues. *P < 0.0001 vs. normal
tissues. M: Image shows higher magnification of the tissue area within the yellow box in C. Immunohistochemistry reveals lal accumulation
in insulitis. Scale bars: 50 um (A, C, and E) and 10 um (B, D, F-H, and M). N-S: Immunohistochemistry for versican and morphometric
quantification of the intraislet versican-positive area. N: Immunohistochemistry shows that versican is sparse in normal islets. O: Higher
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associate with the islet microvasculature (Fig. 5T and U).
The staining was consistently granular throughout the cell
cytoplasm and of moderate intensity with little variation
among the normal islets. In diabetic tissues, TSG-6 immu-
noreactivity was also confined to the endocrine compart-
ment (Fig. 5V and W). TSG-6 staining intensity varied
from islet to islet and within the islets in which patches
of more intensely stained endocrine cells occurred adja-
cent to weakly stained islet cells. Although there was
a trend toward reduced TSG-6 staining area in diabetic
islets, it was of borderline significance (P = 0.0554) (Fig.
5X). As with Ial and versican, TSG-6 was observed in the
insulitis area. However, in contrast to Ial and versican,
TSG-6 occurred intracellularly and appeared to intensely
stain a subset of inflammatory cells (Fig. 5Y). These obser-
vations indicate that hyaladherins Ial, versican, and
TSG-6 occur in diabetic islets and associate with inflam-
matory cells in insulitis.

HA Accumulates in Lymphoid Tissues in T1D
Because much of the immune response directed against
islet antigens originates in draining lymph nodes and
spleen, we sought to ascertain whether there were
changes in HA and hyaladherins in lymphoid tissues
from T1D and control donors. In normal spleen tissues,
HA was sparse and patchy in the B-cell follicular GCs and
was not visualized in the B-cell follicular mantle (Fig. 6A
and B). In contrast, HA was abundant in GCs of diabetic
spleens, which showed an intense punctate HA staining
(Fig. 6C and D). The fraction of diabetic B-cell follicles
with GCs was comparable to that found in the control
tissues (Fig. 6E). However, a significantly higher propor-
tion of diabetic GCs contained HA, occupying an 8.6-fold
larger GC area than in the normal tissues (Fig. 6E and F).
HA was consistently present in the normal T-cell
compartment (Fig. 6G and H) and exhibited a reticular
pattern, appearing to form an HA network along cords
of immune cells bordered by the fibroblastic reticular
meshwork (35). The T-cell areas were enlarged in diabetic
tissues (1.4-fold vs. control tissues) and showed marked
accumulation of HA, which appeared as intensely stained
large amorphous aggregates (Fig. 61 and J) that comprised
an area 4.7-fold greater than in control tissues (Fig. 6K).
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In both normal and diabetic spleen, HA stained the
splenic capsule (not shown) and vessel walls (Fig. 6C, G,
and I).

In normal PLNs, HA was sparse and patchy in the
normal follicular GCs (Fig. 6L and M, Supplementary
Fig. 8A). In adjacent interfollicular regions (IFRs), HA
staining displayed a distinct, fine, tram-like pattern that
is consistent with localization to the reticular fiber net-
work (Fig. 6N and O). HA accumulated most strikingly in
diabetic PLN GCs and IFRs where the HA staining pattern
was more intense and coarser than in normal tissues
(Fig. 6P-S, Supplementary Fig. 8B). HA was observed as
numerous small, dense granules distributed over a larger
PLN area than in control tissues (Fig. 6T). Similar propor-
tions of B-cell follicles in diabetic and normal PLN showed
GCs (Fig. 6U). However, a greater proportion of diabetic
GCs (96% vs. 16% in normal tissues) contained HA that
resided in an 89-fold larger area than in control tissues
(Fig. 6U and V). HA stained the normal and diabetic PLN
sinuses’ wall and the trabecular extensions of the gland
fibrotic capsule and formed thin ring-like structures
around the capillaries and high endothelial venules (not
shown).

Presence of Hyaladherins in Lymphoid Tissues
Ial staining was clearly visible in the GCs of diabetic
spleens, whereas Ial immunostaining was barely detect-
able in the GCs of normal tissues (Fig. 7A-D). Ial was also
sparse in the T-cell areas of normal spleens and appeared
to locate in the HA-rich regions. A small subset of cells in
the T-cell compartment stained for Ial and displayed in-
tense Ial cytoplasmic immunoreactivity (Fig. 7E and F).
Ial accumulated in B- and T-cell compartments in diabetic
spleens (Fig. 7G and H). The relative Ial-positive areas in
GCs and T-cell regions measured 8.7 = 1.5% and 9.7 *
2.3%, respectively, and were significantly larger than
those found in the control counterparts (0.3 £ 0.1%
and 1.4 = 0.5%, respectively) (Fig. 7I). Intense Ial stain-
ing was observed in a subset of immune cells located in
the perifollicular region and the splenic red pulp (Fig. 74,
C, E, and G).

TSG-6 immunoreactivity was observed in normal and
diabetic spleens and occurred intracellularly in lymphoid

magnification of the boxed area in N. P: Immunohistochemistry shows that versican accumulates in diabetic islets and locates adjacent to
the islet microvessels (white box) and in insulitis area (yellow box). Q and S: Higher magnification of tissue areas within the white and yellow
boxes, respectively, in P. Blue arrowheads point to the islet border. Magenta and green arrowheads point to intraislet capillaries. Images were
prepared from nPOD cases 6153 (healthy) and 6052 (T1D). Scale bar: 50 um (N and P) and 10 um (O, Q, and S). R: Morphometric quantification
of the relative versican-positive islet area. Blue bar, normal tissues; red bar, diabetic tissues. Data are mean = SD of measurements obtained
from tissues of 17 healthy and 19 T1D donors. **P = 0.00154 vs. normal tissues. T-Y: Immunohistochemistry for TSG-6 and morphometric
quantification of the intraislet TSG-6-positive area. T: Immunohistochemistry shows that TSG-6 occurs within the pancreatic endocrine cells in
normal tissues. U: Higher magnification of the boxed area in T. V: Immunohistochemistry shows that TSG-6 is present in diabetic islets (white
box) and in a subset of inflammatory cells in insulitis (yellow box). W and Y: Higher magnification of tissue areas within the white and yellow
boxes, respectively, in V. Blue arrowheads point to the islet border. Magenta and green arrowheads point to intraislet capillaries. Images were
prepared from nPOD cases 6153 (healthy) and 6052 (T1D). Scale bar: 50 um (T and V) and 10 wm (U, W, and Y). X: Morphometric quantification
of the relative TSG-6-positive islet area. Blue bar, normal tissues; red bar, diabetic tissues. Data are mean = SD of measurements obtained
from tissues of 17 healthy and 19 T1D donors. There was a trend toward reduced TSG-6 staining area (P = 0.0554).



http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db13-1658/-/DC1
http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db13-1658/-/DC1
http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db13-1658/-/DC1

diabetes.diabetesjournals.org Bogdani and Associates = 2737

Spleen

B-cell follicle T-cell area

3

E F K

© 100 5 20f o+ 2
c 3 Sk c g
23 o g 2
o= = * o ©
28 28 @ &
EE s0 £ 5101 £ ®© 10}
o3 i gz
2@ o Q 2o

o m 50 o 0

o g o

0
With GC  With GC HA+

B-cell follicle

Normal

T1D

+ 15F »
zg Z D00 =zt
3 33 a5
o Tl s & oot
Ec Eo o
35 22w 35
3 7 S5t 58 o O}
[+ T n.n! a©®

=

0 0

°With GC_With GC HA+

Figure 6—Altered HA distribution and amount in lymphoid tissues in T1D for spleen (A-K) and PLNs (L-V). A-F: Histochemistry for HA and
morphometric quantification of the HA-positive area in splenic B-cell follicles. A: HA is sparse in follicular GCs in normal tissues. The
arrowhead points to a B-cell follicle. B: Higher magnification of the boxed area in A. C: HA is abundant in follicular GCs in diabetic tissues.
The arrowhead points to a B-cell follicle; the arrow indicates an HA-positive splenic vessel. D: Higher magnification of the boxed area in C.
Images were prepared from nPOD cases 6196 (healthy) and 6052 (T1D). Scale bars: 100 um (A and C) and 10 um (B and D). E and
F: Morphometric quantification of the HA-positive area in B-cell follicles. Blue bars, normal tissues; red bars, diabetic tissues. Data are
mean * SD of the measurements of 203 and 236 secondary follicles present in the spleen tissue sections of 15 healthy and 11 T1D donors,
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cells. The normal (Fig. 7J and K) and diabetic (Fig. 7L and
M) follicular GCs showed intense positive TSG-6 staining,
whereas the follicular mantle cells in both tissues stained
weakly for TSG-6. A subset of lymphoid cells in normal
(Fig. 7N and O) and diabetic (Fig. 7P and Q) T-cell areas
stained moderately positive for TSG-6. Staining pattern
and abundance of TSG-6 were not altered in diabetic
splenic B- and T-cell compartments (Fig. 7R). Similar to
Ial, TSG-6 was also observed in a subset of immune cells
located in the splenic perifollicular region and red pulp,
tissue compartments that were characterized by a lack of
HA or versican staining in the immune cells.

In normal PLN, Ial staining was observed around and
along the subcapsular and medullary sinuses’ vascular
walls. It was very sparse in the lymphoid cell compart-
ments (Fig. 7S and T). Although overall Ial abundance
was low, the Ial-positive area was significantly increased
in diabetic PLNs compared with control PLNs (Fig. 7U-W,
Supplementary Fig. 9A). Normal PLN also stained for
TSG-6, which produced an intense cytoplasmic staining
in most cells in B-cell follicles (Fig. 7X and Y) and in
IFRs (data not shown). This staining pattern was not
altered in diabetes (Fig. 7Z, A and A). There was a trend
toward reduced TSG-6 staining area in diabetic PLNs, but
it did not reach significance (P = 0.0728) (Fig. 74, Sup-
plementary Fig. 9A). In normal lymphoid tissues, versican
staining was confined to the vascular wall and basement
membrane and to a small subset of immune cells in the
splenic red pulp. Versican was not visualized in the B- and
T-cell areas, and its pattern was not altered in diabetes
(Supplementary Fig. 9B-0).

No Differences in Relative HA-Positive Area in Other
Tissues of T1D Patients Versus Control Subjects

To determine whether HA accumulation occurred in other
tissues in T1D, we examined the relative HA-positive area
in the exocrine pancreas, thymus, and duodenal mucosa
of T1D patients with disease duration of <10 years. No
significant differences in HA-positive areas were observed
between the T1D and control samples (Supplementary
Fig. 10). The data indicate that local accumulation of
HA in islets and lymphoid tissue in T1D patients with
shorter disease duration is not associated with increased
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HA deposition in the exocrine pancreas, thymus, and du-
odenal mucosa.

No Differences in Serum HA Levels in T1D Patients
Versus Control Subjects

To determine whether HA accumulation in pancreatic
islets and lymphoid tissue was associated with changes in
circulating HA, blood samples collected from 20 T1D
patients within 1 year of diagnosis and 20 healthy age-
matched control subjects were assayed. No significant
differences in plasma HA were observed between the T1D
and control samples (248 * 95 and 232 = 70 ng/mL, P =
0.9816). The data indicate that local accumulation of HA
in islets and lymphoid tissue in T1D patients with recent
disease onset is not associated with increased circulating
levels, which have been observed in T1D patients =15
years after diagnosis (36).

DISCUSSION

Although the triggering mechanism of T1D is still not
clear, the entire process likely relies on the migration of
inflammatory cells from the bloodstream into the pan-
creatic islets through interaction with the ECM that lies
between islet capillaries and endocrine cells. However, the
nature of islet ECM changes in T1D and how altered ECM
and extracellular signals affect disease pathogenesis are
poorly understood. Fibrillar ECM components, such as
collagens and laminins, have been described as constitu-
ents of the human islet capillary basement membrane
(7,37,38). In the NOD mouse, disruption of islet capillary
basement membrane integrity has been suggested as the
initial step in the progression to destructive insulitis (7,9).
Disintegration of the laminin-rich capillary basement
membrane was also observed in human T1D islets (7).
However, it is not known whether loss of the islet capil-
lary basement membrane is the initial event in human
insulitis and whether it affects the inflammatory cell phe-
notype. Others have found major changes in heparan sul-
fate glycosaminoglycans within human islets during T1D
progression (11). Recent studies have identified HA and
hyaladherins in the ECM in mouse islets (23), but their
involvement in human T1D has not been explored.

respectively. E: Prevalence of B-cell follicles with GCs and of follicular GCs containing HA. *P = 0.0210 vs. normal tissues. F: Morphometric
quantification of the GC area stained by HA. *P = 0.0260 vs. normal tissues. G-K: Histochemistry for HA and morphometric quantification
of the HA-positive area in splenic T-cell (TC) areas. G: HA appears to form a network in the TC areas in normal tissues. The arrow points to
an HA-positive splenic vessel. H: Higher magnification of the boxed area in G. I: HA is abundant in the TC areas in diabetic tissues. The
arrow indicates an HA-positive splenic vessel. J: Higher magnification of the boxed area in /. Images were prepared from nPOD cases 6196
(healthy) and 6052 (T1D). Scale bars: 100 um (G and /) and 10 pm (H and J). K: Morphometric quantification of the HA-positive area. Blue
bars, normal tissues; red bars, diabetic tissues. Data are mean + SD of the measurements obtained from 15 healthy and 11 T1D donors.
**P < 0.0001 vs. normal tissues. L-V: Histochemistry for HA and morphometric quantification of the HA-positive area in PLN. L-O: His-
tochemistry reveals that HA is sparse in B-cell follicles (L and M) and IFRs in normal tissues (N and O). M and O: Higher magnification of the
boxed areas in L and N, respectively. P-S: Histochemistry shows HA accumulation in diabetic tissues. Q and S: Higher magnification of the
boxed areas in P and R, respectively. Images were prepared from nPOD cases 6196 (healthy) and 6052 (T1D). Scale bars: 100 wm (L, N, P,
and R) and 10 um (M, O, Q, and S). T-V: Morphometric quantification of the HA-positive area. Blue bars, normal tissues; red bars, diabetic
tissues. Data are mean + SD of the measurements of 160 and 167 B-cell follicles present in the PLN tissue sections of 10 healthy and
8 T1D donors. *P = 0.0002, **P = 0.0263, ***P < 0.0001 vs. normal tissues. See also Supplementary Fig. 8.
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Figure 7—Staining pattern of the hyaladherins, lal, versican, and TSG-6 in lymphoid tissue for spleen (A-R) and PLNs (S-A). A-/:
Immunohistochemistry for lal and morphometric quantification of the lal-positive area. A and B: lal is sparse in follicular GCs in normal
tissues. C and D: lal is abundant in follicular GCs in diabetic tissues. Red arrows indicate a subset of lal-positive immune cells in the
perifollicular region. E and F: lal is sparse in the T-cell (TC) areas in normal tissues. G and H: lal is abundant in the TC areas in diabetic
tissues. Green arrows point to lal-positive cells in the TC area. Yellow arrows indicate a subset of lal-positive immune cells in the red pulp.
B, D, F, and H: Higher magnification of boxed areas in A, C, E, and G, respectively. I: Morphometric quantification of the lal-positive areas in
the indicated tissue compartments. Blue bars, normal tissues; red bars, diabetic tissues. Data are mean * SD of the measurements of 202
and 236 secondary follicles present in the spleen tissue sections of 15 healthy and 11 T1D donors, respectively. *P = 0.0003, **P = 0.0012
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The present study has three notable findings. First, HA
accumulates in islets from T1D subjects with disease
duration of <10 years but not in control subjects. The
largest HA depositions were observed in the IP diabetic
tissues, particularly those collected within 1 year of dis-
ease onset and which had undergone a partial loss of the
B-cell population. Moreover, HA accumulation was closely
associated with infiltrating lymphocytes. This is strong
circumstantial evidence indicating a link among HA
deposits, pancreatic B-cell loss, and autoimmune insulitis.
Although we are unable to discern whether this link is
causative or merely correlative, it has been shown that
HA can accelerate the recruitment, proliferation, reten-
tion, and activation of leukocytes in other inflamed tis-
sues (16,39-41), and it may be that alterations in HA
likewise promote inflammatory responses in T1D. HA is
associated with chronic inflammation in other tissues,
and in animal models, HA has been implicated in several
key events in innate and adaptive immune responses
(6,42-44).

The source of HA in islets and insulitis is unclear. In
most tissues, mesenchymal cells are prolific producers of
HA, made in response to inflammatory mediators.
However, both myeloid and lymphoid cells are also
capable of synthesizing HA and hyaladherins (18,45), so
leukocytes may be a source of this ECM in T1D. In addi-
tion, morphologic association of HA with endothelial cells
in the islets may be indicative of an endothelial origin
because endothelial cells are known to synthesize HA
(14). We are actively investigating this question.

Second, we report for the first time that the amount
and distribution of hyaladherins, specifically Ial and ver-
sican, are increased in human diabetic islets and auto-
immune insulitis, whereas TSG-6 is decreased. HA
interactions with leukocytes in inflamed tissues are de-
termined by a diverse group of hyaladherins that incor-
porate HA into cross-linked structures with different
architectures and functional activities (15,39,46). Cross-
linked HA ECM is capable of interacting with cell surface
proteins, proteases, chemokines, and growth factors to
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affect processes involved in the promotion of leukocyte
adhesion, migration, activation, and retention. Under in-
flammatory conditions, covalent transfer of heavy chains
from Ial to HA catalyzed by the protein product of TSG-6
forms the heavy chain-HA complex, a form of HA that
promotes the adhesion of leukocytes to HA-rich matrices
(15,39,40). Binding of monocytes to HA-rich matrices is
also attributed to versican, another proteoglycan that
binds HA (47). ECM enriched in HA and versican is syn-
thesized by tissue resident cells in response to inflamma-
tory mediators and influences myeloid and lymphoid cell
accumulation in inflamed tissues (15,22,25,39,40,46-48).
HA, versican, and lal are frequently observed together in
sites of inflammatory infiltrates, suggesting a causal re-
lationship between their accumulation and leukocyte ag-
gregation (15,39,40). It is conceivable, therefore, that
quantitative or qualitative changes in the composition
and structure of these HA-rich matrices would alter the
tissue microenvironment and affect its function during
the course of an inflammatory response.

Further, we found that TSG-6 is present within islet
endocrine cells and in inflammatory cells in human
insulitis. This is consistent with our findings in mouse
pancreatic endocrine cells (23) and those reported in
studies of NOD mice (12). A recent study demonstrated
that TSG-6 delays the onset of spontaneous autoimmune
diabetes in NOD mice by inhibiting insulitis and augment-
ing regulatory T cells within the pancreas (49). This study
further showed that multiple treatments of TSG-6 ren-
dered antigen-presenting cells more tolerogenic, capable
of enhancing the generation of regulator T cells, and
delayed diabetes in an adoptive transfer model, suggest-
ing that TSG-6 may have immunomodulatory properties.
The finding of intracellular localization of TSG-6 suggests
that this protein may also be involved in other cellular
functions and may be protective to pancreatic {-cells.
In neutrophils and mast cells, TSG-6 is stored in secretory
granules and released in response to proinflammatory
signals (50,51). Because islet endocrine cells contain secre-
tory granules that store peptide hormones for subsequent

vs. normal tissues. J-R: Immunohistochemistry for TSG-6 and morphometric quantification of the TSG-6-positive area. J-M: TSG-6
staining is present in follicular GCs in normal (J and K) and T1D (L and M) tissues. N-Q: TSG-6 staining is present in a subset of immune
cells in the TC areas in normal (N and O) and diabetic (P and Q) tissues. K, M, O, and Q: Higher magnification of the boxed areas in J, L, N,
and P, respectively. R: Morphometric quantification of the TSG-6-positive area in the indicated tissue compartments. Blue bars, normal
tissues; red bars, diabetic tissues. Data are mean = SD of the measurements of 203 and 236 secondary follicles present in the spleen
tissue sections of 15 healthy and 11 T1D donors, respectively. TSG-6-stained areas in normal and diabetic follicular GC (P = 0.9090) or TC
areas (P = 0.5481) were similar. Images were prepared from nPOD cases 6196 (healthy) and 6052 (T1D). Scale bars: 100 um (A, C, E, G, J,
L,N, and P)and 10 um (B, D, F, H, K, M, O, and Q). S-V: Immunohistochemistry for lal in normal (S and T) and T1D (U and V) tissues. T and
V: Higher magnification of the boxed areas in S and U, respectively. W: Morphometric quantification of the PLN lal-positive tissue area.
Blue bar, normal tissues; red bar, diabetic tissues. Data are mean = SD of the measurements obtained from tissues of 10 healthy and 8
T1D donors. *P = 0.0015 vs. normal tissues. X=A: Immunohistochemistry for TSG-6 in normal (X and Y) and diabetic (Z and A) tissues. Y and
A: Higher maghnification of the boxed areas in X and Z, respectively. A: Morphometric quantification of the PLN TSG-6-positive tissue area.
Blue bar, normal tissues; red bar, diabetic tissues. Data are mean *= SD of the measurements obtained from tissues of 10 healthy and
8 T1D donors. There was a trend of borderline significance toward reduced TSG-6 staining area in diabetic PLN (P = 0.0728). Images were
prepared from nPOD cases 6196 (healthy) and 6052 (T1D). Scale bars: 100 um (S, U, X, and Z) and 10 pm (7, V, Y, and A). See also
Supplementary Fig. 9.
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release, it seems plausible that the same process may occur
for TSG-6 in the islet.

The influence of HA and hyaladherin structural
variations and binding properties on insulitis deserves
further investigation. Alterations in islet ECM integrity
may precede the initiation of inflammation as it has been
described in other inflammatory conditions (40,52).
Intravital imaging studies in a mouse diabetes model
showed that B-cell killing was preceded by cytotoxic
T-cell trapping within the vicinity of the B-cells at sites
of capillary leakage (53). Cytotoxic T-cell arrest may result
from altered ECM at these sites, recapitulating our in
vitro observation that exposure of human monocytes
and T cells to an HA- and a versican-rich ECM impedes
their spreading and migration (22,47). Additionally, re-
sistance to diabetes development was induced in the
NOD mouse by blocking the HA receptor CD44, which
supports HA involvement in disease pathogenesis (10).
Increased quantity of HA and some hyaladherins in T1D
islets indicates that alterations in the islet ECM are part
of T1D pathogenesis. The importance of the role of HA
and hyaladherins in islet inflammation and T1D will be
better clarified using animal models.

Our third major finding is that of HA and hyaladherin
increase in lymph nodes and spleens in specific regions of
B- and T-cell activation in T1D. In lymphoid tissue, upon
antigen encounter, the antigen-presenting cells initiate
interactions with B and T cells that lead to antibody
production, proliferation, and differentiation to memory
or effector cells. These interactions and events take place
in the well-defined B- and T-cell compartments that
contain a reticular network, which we now show to be
HA enriched. We have previously identified a role for HA
in controlling T-cell movement and demonstrated that
intact HA augments the suppressor activity and viability
of regulatory T cells (6,22). HA production is known to
induce dendritic cell phenotypic maturation, cytokine pro-
duction, and antigen presentation (18,19,43,44,54). HA
has also been localized to the immune synapse, suggesting
a key role in antigen presentation and immune signaling
(19,20,54). We show that HA deposits were concentrated
within the follicular GC and T-cell areas, specialized
regions of lymphatic tissues where B cells and T cells
encounter their cognate antigens, and undergo differen-
tiation and activation. It may be that HA in the follicular
GCs and T-cell areas modulates immune cell interactions
or their adhesive and migratory properties, promoting
T-cell phenotype changes (55). However, the mechanisms
by which altered HA affects these immune events remain
to be determined.

The functional relevance of Ial accumulation and
TSG-6 presence in lymphoid tissue in T1D is also largely
unknown. In an in vitro system, Ial has been shown to be
critical for T-cell adhesion to HA-rich matrices. TSG-6 is
also known to inhibit the activation of both T cells and
antigen-presenting cells in a CD44-dependent manner
(49). Proteins that bind HA are necessary for promoting
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the organization of HA for optimal leukocyte adhesion
and activation, indicating that the composition and orga-
nization of the ECM may be critical to determining lym-
phoid and myeloid phenotypes in lymph nodes and
spleen.

Together, our observations suggest that events con-
tributing to T1D may be taking place in tissues other than
the pancreatic islets. The finding of specific changes in HA
and associated proteins, not only in pancreatic islets but
also in PLNs and spleen, raises the possibility that HA
within these tissues in diabetic subjects may potentiate
immune responses and contribute to failures in immune
tolerance. It is tempting to speculate that altered HA-rich
matrices in specific immune cell sites might thereby
modulate antigen presentation, lymphocyte trafficking,
or proliferation (55) in ways that lead to enhanced or
sustained T-cell activation and loss of immune tolerance.
Our finding of increases in HA and specific hyaladherins
in islets and lymphoid tissues in T1D raises important
new questions regarding the functional significance of
these specific ECM components in the pathogenesis of
TID and suggest possible new targets in the treatment
of this disease.
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